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1.0  INTRODUCTION 

This  Interim  Report  discusses  progress  made  during  the  first  year  of 
Contract  No.  F49620-82-C-0034 ;  the  Contract  Is  entitled  "AIN  Insulator  for 
III— V  MIS  Applications."  If  a  generally  useful  HIS  technology  could  be 
developed  for  III-V  semiconductors.  It  could  have  Important  applications  in 
several  digital  and  analog  circuits.  The  majority  of  III-V  MIS  studies  have 
utilized  oxides  as  the  Insulating  gate  material.  It  Is  frequently  observed 
that  these  oxides  are  poor  Insulators,  have  substantial  trap  concentrations 
and  exhibit  unacceptably  large  ox1de/III-V  Interface  state  densltltes.  These 
unfavorable  characteristics  are  In  general  not  useful  for  MIS  applications. 

The  main  goal  of  this  program  Is  to  Investigate  the  use  of  AIN  as  an 
Insulator  for  III-V  MIS  applications.  AIN  has  a  6  eV  bandgap  and  has  been 
used  successfully  as  an  Ion  Implantation  capping  material  for  GaAs.  Both  AlQa 
and  NAs  substitutional  sites  In  GaAs  are  electrically  inactive.  AIN  Is  stable 
In  vacuo  to  high  temperature  and  Is  also  stable  In  air.  In  recent  years, 

Fermi  level  pinning  at  compound  semiconductor  Interfaces  has  been  attributed 
by  a  number  of  workers  to  the  formation  of  characteristic  defects  near  or  at 
the  Interface.  The  large  densities  of  Interface  states  which  are  frequently 
observed  in  compound  semiconductor  MIS  structures  may  be  associated  with  the 
same  defects  which  cause  Fermi  level  pinning.  It  therefore  may  be  Important 
to  utilize  an  Insulator  which  will  minimize  defect  related  Interface  levels. 
The  use  of  an  Isoelectronlc  wide  bandgap  III-V  material  (e.g.,  AIN)  Is  an 
attractive  possible  candidate  for  this  application. 

In  the  following  sections  we  discuss  progress  related  to  the  develop¬ 
ment  of  an  AIN/GaAs  MIS  technology.  The  AIN  deposition  apparatus  Is  described 
In  Section  2.0.  Investigations  of  the  AIN  deposition  process  are  reported  In 
Section  3.0.  The  characterization  of  AIN  material  properties  Is  given  In 
Section  4.0  and  measurements  of  AIN  film  electrical  properties  are  discussed 
In  Section  5.0. 
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2.0  AIN  DEPOSITION  APPARATUS 

A  photograph  of  the  AIN  deposition  apparatus  Is  shown  In  Fig.  1.  The 
system  Includes  a  load  lock  In  order  to  Increase  sample  throughout  and  main¬ 
tain  vacuum  integrity.  By  using  this  load  lock,  the  cycle  time  of  the  system 
Is  «  2  h  per  sample.  In  addition  to  providing  a  more  efficient  means  to  opti¬ 
mize  the  deposition  process,  the  load  lock  Improves  our  ability  to  decrease 
background  Impurity  levels. 

A  Varlan  MBE  2  In.  heated  substrate  station  Is  utilized  to  facilitate 
temperature  control  of  the  substrate.  Temperature  control  of  the  GaAs  sub¬ 
strate  Is  an  Important  factor  In  the  AIN  deposition  process  which  Is  discussed 
In  Section  3.2.  This  heated  substrate  station  considerably  Improves  our 
ability  to  reliably  control  and  set  the  substrate  temperature. 

An  effusion  cell  has  been  constructed  for  the  NH3  source.  By  moni¬ 
toring  the  NH3  pressure  In  the  cell.  It  Is  possible  to  control  the  NH3  flux  at 
the  sample  surface.  A  MBE  A1  source  makes  It  possible  to  obtain  a  controlled 
and  stable  A1  flux.  In  combination  with  the  load  lock  mentioned  above,  the  A1 
source  contamination  problems  are  reduced  substantially. 

In  addition,  an  Auger  electron  analysis  system  Is  attached  to  the 
apparatus  which  makes  It  possible  to  monitor  the  GaAs  surface  composition 
prior  to  deposition  and  the  AIN  composition  resulting  from  the  deposition. 
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3.0  AIN  PREPARATION 

The  apparatus  described  In  the  preceding  section  Mas  developed  to 
Investigate  the  AIN  deposition  process  and  to  perform  In-sltu  characterization 
of  AIN  films  by  using  Auger  electron  spectroscopy.  Substantial  progress  was 
made  In  a  number  of  areas  to  Improve  the  reproducibility  and  quality  of  AIN 
films  produced.  In  the  course  of  this  program,  we  have  Identified  a  number  of 
Important  conditions  which  affect  film  growth.  Details  of  these  studies  are 
presented  In  the  following  sections. 

3.1  Substrate  Cleaning 

Films  have  been  grown  on  GaAs  (100)  oriented  substrates  which  have 
been  cleaned  by  heating  the  substrate  to  temperatures  In  excess  of  600°C. 

Auger  electron  analysis  of  surfaces  Initially  prepared  with  this  method 
Indicated  that  residual  carbon  on  the  substrate  was  not  removed  by  the  heat 
treatment.  In  addition,  excess  carbon  from  the  Auger  electron  gun  was 
deposited  on  the  substrate  during  the  analysis.  Even  though  such  contamina¬ 
tion  was  typically  less  than  a  monolayer,  the  effects  of  such  coverage  on  the 
properties  of  the  film  were  substantial. 

SEN  micrographs  (Fig.  2)  show  a  considerable  difference  In  morphology 
for  regions  of  a  substrate  with  carbon  contamination.  This  change  Is  visible 
optically  as  variations  In  color  of  the  AIN  film  across  the  substrate  follow¬ 
ing  deposition,  which  Indicates  a  change  In  the  optical  thickness  of  the  film 
(film  color  Is  due  to  Interference  fringes  and  represents  the  optical  film 
thickness). 

A  procedure  has  been  developed  for  eliminating  excess  carbon  from  the 
^surface  of  the  GaAs.  As  a  result,  we  can  obtain  GaAs  surfaces  which  are 
atomically  clean  as  observable  by  using  Auger  analysis.  This  procedure  con¬ 
sists  of  (1)  degreasing  the  GaAs  with  conventional  solvents,  (2)  etching  the 
GaAs  with  a  N^OH^t^^l^O  solution  and  (3)  attaching  the  GaAs  substrate  to  a 
Mo  substrate  holder  with  high  purity  In.  A  final  step  consists  of  etching  the 
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Fig.  2  SEN  Micrograph  of  AIN/GaAs  fllM  with  surface  Initially  contaminated 
by  carbon. 


6aAs  with  a  7:1:1  solution  of  H20:H202:NH40H  while  spinning  the  substrate, 
followed  with  a  rinse  of  18  Megohm-cm  water  and  finally  spin-drying.  The  GaAs 
substrate  prepared  In  this  fashion  Is  carbon-free  and  suitable  for  heat 
cleaning. 

The  thermal  stability  of  the  GaAs  surface  was  Investigated  by  heating 
several  samples  under  UHV  at  various  temperatures.  Half  of  each  sample  was 
covered  with  $1XN  to  prevent  evaporation  from  this  part  of  the  surface.  After 
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heating  the  sample,  the  S1XN  Mas  removed  and  the  height  of  each  area  Mas  com¬ 
pared.  These  results  Indicated  that  GaAs  evaporation  Mas  negligible  at 
temperatures  less  than  675°C.  At  this  temperature,  roughly  100A  of  GaAs 
evaporated  In  30  min,  assuming  congruent  evaporation.  No  gross  deterioration 
Mas  observed,  l.e.,  the  surface  remained  specular.  Therefore,  Me  can  conclude 
that  macroscopic  degradation  of  the  substrate  Is  negligible  at  loMer 
temperatures. 

3.2  AIN  Film  Formation  -  Temperature  Dependence  and  Chemistry 

We  have  made  some  preliminary  studies  of  AIN  formation  as  a  function 
of  substrate  temperature.  Our  results  agree  Mlth  those  previously  published 
for  groMth  of  AIN  on  SI.  The  ammonia  flux  necessary  for  stoichiometric  film 
groMth  Increases  rapidly  beloM  600°C.  For  practical  conditions,  such  as 
groMth  rates  ~  lOOA/mln  and  NH3  partial  pressures  <  10"3  Torr  In  the  system, 
the  temperature  for  stoichiometric  groMth  must  be  greater  than  550°C.  The 
oxygen  desorption  temperature  of  GaAs  (Mhlch  Is  *  600°C)  Is  a  convenient 
temperature  for  film  deposition  In  that  the  substrate  temperature  need  not  be 
changed  betMeen  substrate  cleaning  and  film  groMth.  As  discussed  In 
Section  5.2,  Me  have  not  found  a  strong  correlation  to  date  betMeen  the 
substrate  temperature  and  density  of  Interface  states. 

3.3  A1  Capping 

We  have  developed  a  technique  for  protecting  the  AIN  layer  from  sub¬ 
sequent  oxidation.  As  discussed  In  Section  4.4,  a  *  10A  thick  layer  of  oxide 
forms  on  the  AIN  surface  upon  exposure  to  air.  Traps  at  the  oxide-nitride 
Interface  may  cause  hysteresis  In  the  MIS  characteristic.  To  prevent  this 
kind  of  trapping,  a  layer  of  A1  Mas  deposited  on  the  AIN  folloMlng  groMth. 

Such  structures  have  given  the  "best"  C-V  characteristics  observed  to  date. 
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3.4  In  Contamination 

The  sample  Is  attached  to  the  substrate  holder  by  netting  both  the 
sample  and  substrate  holder  with  molten  In.  During  growth,  we  have  discovered 
that  excess  In  can  catastrophically  react  with  AIN  to  form  an  Al-In  alloy  and 
gaseous  nitrogen.  The  In  creeps  over  the  sample  surface  during  this  reac¬ 
tion.  Although  the  effect  can  be  eliminated  by  using  less  In  and  a  larger 
sample,  the  best  solution  may  be  to  eliminate  the  In  with  a  different  sample 
holder  configuration. 
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4.0  AIN  PROPERTIES  AND  CHARACTERIZATION 

AIN  films  produced  In  the  current  program  have  been  characterized  by 
a  number  of  techniques  Including  Auger  analysis,  x-ray  diffraction,  SEM,  XPS, 
far  Infrared  transmission  and  Raman  spectroscopy. 

4.1  Auger  Analysis 

The  Auger  electron  spectrometer  attached  to  the  growth  apparatus  has 
enabled  us  to  characterize  the  purity  of  AIN  films  grown  on  GaAs  in-situ.  A 
typical  Auger  electron  spectrum  of  an  AIN  film  immediately  following  growth  is 
shown  in  Fig.  3.  The  predominant  peaks  in  the  spectrum  are  associated  with  A1 
at  57  eV  and  N  at  381  eV.  Oxygen  and  carbon  are  not  detectable  in  the  spec¬ 
trum,  which  Indicates  that  the  films  have  good  purity.  For  the  spectrum  shown 
in  Fig.  3,  we  have  estimated  the  composition  to  be  stoichiometric  AIN  with 
[A1]/[N]  *  0.94  ±  0.15.  We  can  estimate  the  oxygen  content  to  be  less  than 
0.2%  from  the  same  spectrum. 


•  no  <00  mo  aoo 
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Fig.  3  In-situ  Auger  electron  spectrum  of  AIN  film  grown  on  GaAs. 
Note  the  absence  of  oxygen  and  carbon  In  the  spectrum. 
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Occasionally*  we  have  observed  the  presence  of  Ga  and  As  In  the 
films,  particularly  for  films  grown  at  higher  temperatures.  We  have  not 
detected  the  presence  of  other  elements  In  our  films. 

4.2  X-Ray  Analysis 

We  photographed  the  CuKa  x-ray  diffraction  powder  pattern  of  an  AIN 
film  with  a  Gandolfl  camera.  The  sample  was  approximately  a  square  millimeter 
In  size  and  had  been  removed  from  the  substrate.  The  Gandolfl  camera  rotates 
this  sample  around  two  axes  Inclined  45°  to  one  another  to  generate  a  series 
of  random  orientations  as  required  to  photograph  the  powder  pattern.  The 
photograph  shown  In  Fig.  4  is  a  72  h  exposure.  This  relatively  long  exposure 
time  Is  required  because  of  the  relatively  small  mass  of  the  thin  sample.  The 
pattern  In  Fig.  4  matches  the  published  pattern1  well.  The  pattern  is  that  of 
the  wurtzlte  type  of  crystal  structure,  which  Is  hexagonal  with  space  group 
P63mc.  Lattice  parameters  measured  from  the  photograph  are  a  =  3.12  ±  0.01A 
and  c  *  4.98  ±  0.01A.  These  values  agree  with  the  published  values  within  the 
Indicated  experimental  error.  The  diffraction  maxima  in  the  photograph  are 
rather  broad;  the  Kaj-Ko^  doublet  Is  not  resolved.  This  line  broadening  is 
probably  the  result  of  strain  or  the  effect  of  small  crystallite  size. 

4.3  SEM  Analysis 

As  Indicated  above,  the  films  are  composed  of  crystalline 
stoichiometric  AIN.  Scanning  electron  microscopy  (Fig.  5)  shows  that  the 
films  grown  with  proper  substrate  preparation  (see  Section  3.1)  have  granular 
morphology  with  features  approximately  1000A  across.  It  Is  possible  that  we 
are  observing  Individual  crystallites  of  AIN.  Such  an  Interpretation  would  be 
consistent  with  the  x-ray  results  (see  Section  4.2). 
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Fig.  4  Gandolfl  x-ray  photograph  of  AIN  file. 


Fig.  5  SEN  micrograph  of  A1N/6aAs  film  which  shows  granular  morphology. 
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XPS  Analysis 


X-ray  photoemission  spectroscopy  (XPS)  was  used  to  analyze  the  sur¬ 
face  of  a  thick  («  103A)  AIN  film  grown  on  GaAs  (100)  In  the  reactive  HBE 
deposition  system  (Section  2.0) (  and  subsequently  transferred  In  air  Into  the 
XPS  apparatus.  A  spectrum  Is  shown  In  Fig.  6.  The  substantial  01s  signal 
observed  In  this  spectrum  Indicates  that  »  10A  of  the  surface  Is  oxidized  by 
air  exposure.  Thus,  as  mentioned  In  Section  3.3,  it  may  be  Important  to  cap 
the  AIN  with  a  metal  before  removing  It  from  the  HBE  system  to  prevent  traps 
from  forming  due  to  the  presence  of  the  thin  oxidized  AIN  layer. 
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FIR  and  Raman  Analysis 


We  have  Investigated  the  properties  of  the  AIN  films  and  the  GaAs 
substrate  with  far  Infrared  transmission  (FIR)  and  Raman  scattering  spectra. 
Figure  7  shows  a  typical  transmission  spectrum  of  an  AIN  layer  on  a  bulk  GaAs 
substrate  between  500  cm"1  and  1000  cm"1  (20  pm  and  10  pm,  respectively). 


WAVENUMBERS 


Fig.  7  Infrared  absorption  spectrum  of  AIN  film  grown  on  GaAs  substrate 
which  shows  transverse  optical  modes  (marked  by  arrows) 
associated  with  AIN. 
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The  GaAs  substrate  is  relatively  transparent  in  this  spectral  range, 
except  for  a  two  phonon  peak  at  520  era-*.  The  spectrum  shows  peaks  at 
610  cm*1,  650  cm*1  and  671  cm*1,  which  corresponds  to  lattice  TO  phonons  In 
AIN.  These  values  compare  with  610  cm'1,  655  cm'1  and  667  cm*1  for  results 
obtained  on  bulk  AIN  crystals.  These  results  support  the  Auger  and  x-ray 
analyses  which  Indicate  the  films  consist  of  stoichiometric  crystalline  AIN. 

Me  have  also  looked  at  Raman  spectra  of  the  underlying  GaAs  sub¬ 
strate.  Such  spectra  have  previously  been  Interpreted  In  terms  of  strain  at 
the  Insulator/GaAs  Interface.3  We  observe  the  GaAs  L0  phonon  mode  at  291  cm'1 
with  a  width  of  7  cm"1.  This  can  be  compared  with  a  width  of  5  cm"1  for  a 
clean  GaAs  surface.  He  conclude  that  strain  related  broadening  of  the  Raman 
line  Is  minimal  for  the  AIN  deposited  on  GaAs  by  reactive  deposition. 
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5.0  ELECTRICAL  PROPERTIES  OF  AIN  FILMS 

In  this  section  Me  analyze  electrical  and  MIS  properties  of  the  AIN 
films  grown  on  GaAs  (100). 


Frequency  Dlsperson 


To  determine  the  dielectric  properties,  variable  frequency  C -V  measure* 
ments  have  been  made  for  AIN  films  grown  on  degenerately  doped  GaAs  substrates. 
The  thickness  of  the  films  was  determined  optically  and  found  to  be  Inversely 
proportional  to  the  capacitance  as  expected.  The  results  of  these  measurements 
are  shown  In  Fig.  8.  At  low  frequencies,  the  dielectric  constant  of  the  Insula¬ 
tor  Increases  rapidly.  The  high  frequency  dielectric  constant  corresponds  to  a 
value  of  8,  close  to  that  reported  for  bulk  AIN.  A  number  of  explanations  can 
account  for  this  behavior;  the  most  likely  Is  that  the  dispersion  results  from 
conduction  associated  with  trapping  centers  In  the  Insulator. 


Fig.  8  Dispersion  of  dielectric  constant  for  AIN  film  on  n*  GaAs  substrate. 
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5.2  Analysis  of  C-V  Data 

Variable  frequency  capacitance  voltage  measurements  have  been  made  on 
a  number  of  samples  and  analyzed  to  obtain  an  effective  Interface  charge  density 
to  be  used  as  a  flgure-of -merit  for  the  C-V  results.  For  the  purpose  of  simpli¬ 
fication,  this  charge  density  Is  simply  Q  ■  Cjns  AVpg,  where  Q  Is  the  density  of 
Interface  charge,  C.jns  Is  the  Insulator  capacitance  per  unit  area,  and  &VpB  Is 
the  difference  from  the  theoretical  flatband  voltage.  The  source  of  such  charge 
can.  In  fact,  be  traps  In  the  Insulator  or  at  the  semiconductor  Interface. 

For  films  grown  to  date,  Q  has  ranged  from  values  as  high  as 
1013  cm“^  to  values  as  low  as  4  x  10**  cm”^  In  the  "best"  samples.  The  origin 
of  fluctuations  In  Q  has  not  been  determined.  We  have  not  been  able  to  cor¬ 
relate  Q  with  either  the  sample  deposition  temperature  or  the  AI/NH3  flux 
ratio  during  growth. 

A  theoretical  fit  to  the  "best"  C-V  curve  obtained  to  date  Is  shown 
In  Fig.  9.  The  only  parameters  used  to  fit  the  curve  are  the  Insulator 
capacitance  and  substrate  doping.  A  value  of  35  pF  was  found  to  agree  with 
the  Insulator  capacitance  obtained  from  the  thickness  of  the  layer  and  the 
area  of  the  metal  dot.  The  doping  level  Is  obtained  from  fitting  the  C-V 
curve  In  deep  depletion.  As  can  be  seen  from  the  fit,  we  appear  to  obtain 
Inversion  between  1.5  and  5  V.  Another  encouraging  aspect  of  these  data  Is 
that  the  hysteresis  occurs  In  a  clockwise  direction.  If  the  hysteresis  was 
associated  with  Interface  states,  we  would  expect  hysteresis  In  the  opposite 
direction.  Indicating  that  the  primary  origin  of  the  hysteresis  Is  not  due  to 
Interface  states,  but  rather  due  to  charge  Injection  Into  the  Insulator  or 
mobile  Ions.  One  possible  origin  of  the  hysteresis  Is  due  to  contamination 
from  residual  water  vapor  and  other  oxygen-containing  species  In  the  vacuum 
system.  Another  possibility  Is  that  a  thin  oxide  layer  (formed  on  the  AIN  due 
to  air  exposure  following  growth)  contributes  to  the  fysteresls. 
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